Abstract. Recognising the key role of bridges within a roadway network and the substantial direct and indirect losses
INTRODUCTION
Damage due to recent earthquakes worldwide highlights the role of bridges as the most vulnerable component of a roadway system. In view of this, during the last two decades, several methodologies have been developed for the assessment of bridge vulnerability, mainly in the context of developing fragility curves.
Since fragility is the probability that bridge damage exceeds a specific threshold limit state value for a given level of earthquake intensity, the key issue in the methodologies proposed in the literature is the estimation of capacity and demand at the system [1] or component level [2] . Threshold limit state values for critical components are quantified in terms of local (curvature, rotation) [3] , [4] or global parameters [5] based on experimental data [6] . The capacity spectrum (or capacity and demand spectra) method and nonlinear response history analysis are commonly proposed for the demand calculation, while in most cases analytical fragility functions are derived using the Probabilistic Seismic Demand Model (PSDA or IDA) [7] , or response surface metamodels [8] . Finally, it should be noted that in most cases uncertainties in demand and capacity are considered in a 'lumped' way.
The main drawback of the existing methodologies is that they are either based on advanced analysis tools, increasing dramatically the computational cost when applied to a large bridge inventory, or on approximate methods that do not account for the seismic performance of all critical structural components, hence risking to miss potential failure modes in some cases.
In view of the above, the key objective of this paper is to put forward a new methodology for the derivation of bridge-specific fragility curves, feasible for application to a bridge inventory with a view to estimating seismic losses in the bridges, as well as in the roadway network [9] . In general, bridges in a roadway network have different geometries, structural systems and component properties, due to differences in the topography and the construction method selected (figure 1). Therefore, the proposed methodology aims to reconciliate two conflicting requirements, namely the need for a detailed and reliable estimation of bridge capacity and demand, and the broad and efficient applicability. To this purpose, the end product of the methodology involves an elastic (generic) 3d bridge model and elastic response spectrum analysis results for the derivation of fragility curves. However, different component (i.e. pier) types have been previously analysed in order to correlate local to global damage, assess the effect of different geometry, material, reinforcement and loading properties on component capacity, and finally derive empirical relationships for component threshold limit state values. Moreover, the seismic performance of bridges with different structural systems is investigated using advanced analysis methods (nonlinear response history analysis, IDA) and the results are incorporated in the simplified methodology proposed. 
BRIDGE CLASSIFICATION SCHEME
In the frame of a network loss assessment, the vulnerability of bridges having different geometries, structural systems and properties should be estimated. The most important step prior to fragility analysis is the definition of a classification scheme for the bridges in the network, based on the parameters deemed as the most significant with respect to the seismic response. Therefore, a slightly enhanced version of the classification system developed in the framework of the research programme ASProGE [1] , was adopted for the bridges of the roadway network of Greece. A three-digit code is used for each bridge type; the first digit denotes the pier type, the second the deck type, and the third the type of pier-to-deck connection (Table 1) . 
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DESCRIPTION OF THE METHODOLOGY FOR THE DERIVATION OF BRIDGE SPECIFIC FRAGILITY CURVES
Seismic performance of bridges is highly dependent on the structural system and properties of different components, namely piers, abutments, and bearings. Therefore, the first stage of the proposed methodology is to define the capacity of components, based on the results of inelastic analysis, considering different failure modes. Component limit states (minor, moderate, major and collapse), are qualitatively described based on experimentally observed damage sequence and performance and quantified defining threshold limit state values in terms of global engineering demand parameter (displacement), dependent on component geometry, reinforcement, material and loading properties. Uncertainty in capacity, namely in the damage threshold definition, is estimated using reduced Monte Carlo (Latin Hypercube Sampling) simulation for each component. The second stage is the development of a simplified 3d model (linear springs for bearings and abutments) in order to estimate seismic demand on each component. Seismic analysis is performed at bridge level, in order to consider the correlation of different components during the evaluation of bridge seismic performance for different levels of earthquake intensity. However, since the main target of the methodology is the feasibility to apply to a large bridge inventory, elastic response spectrum analysis is used for the demand calculation. To account for inelastic performance of the bridge system under seismic actions, the uncertainty in demand is calculated using nonlinear response history analysis for selected accelerograms and various intensity levels (Incremental Dynamic Analysis). Representative bridges of each category (according to the classification scheme described in §2) are selected and Monte Carlo simulation with Latin Hypercube sampling is performed in order to quantify the uncertainty in seismic demand; in a practical context, uncertainty in demand is assumed to be the same for bridges classified in the same category. Having defined capacity and demand at a component level, bridge fragility is calculated assuming (conservatively) series connection between components (except for limit state 4, see §4). Since the demand calculation is based on the results for an elastic model (linear springs), the effect of gap closure should be accounted for, considering two models (open and closed gap), retaining the results of the first model until gap closure. The methodology outlined above, is described in detail in the following paragraphs.
Step 1 : Component Threshold Limit State values (Capacity) and correlated uncertainty
During the first step, threshold limit state (capacity) values are defined in terms of global engineering demand parameters. Displacement of the component control point is used, since it can be easily recorded during analysis and is a representative measure of the system's seismic performance (damage); therefore it should be correlated to local (component) damage. As far as bridge piers are concerned, the main objective is to develop a database including all different pier types shown in Table 1 . Damage is initially quantified at section level (figure 3), using local engineering demand parameters (curvature) corresponding to material strain limits and developed crack widths. Moment -curvature analyses for varying geometric, material, reinforcement and loading properties are performed, defining threshold limit state values in curvature terms and the secant stiffness of the fully cracked section at yield (EI eff =M y /φ y ), to be used as input in component analysis. Varying pier heights are considered for each different pier type and inelastic pushover analyses of piers are performed. Displacement values at pier top (component control point) for the time step that section curvature exceeds the threshold limit state value are recorded in order to define threshold limit state values in displacement terms. Shear failure modes are also considered, therefore shear checks of the pier model are performed, comparing the shear force to shear capacity (V u =V c (μ φ )+V w +V p ). Displacement value at the time step that the developed shear force exceeds the relevant capacity is recorded and the relevant threshold displacement value is corrected, i.e. the minimum of the top displacements corresponding to flexural and shear failure modes is considered. Regression analysis for every different pier type is performed and empirical closed-form relationships are proposed for each case (pier type). The proposed empirical relationships can be used when the relevant properties are known, however it should be noted at this point that threshold values in displacement terms (capacity) are strongly dependent on the boundary conditions, namely the pier to deck connection and the foundation support. Since, as depicted in figure 3 , the control point displacement (cantilever top) can be correlated to the top/bottom moment ratio (point of contraflexure), modal analysis for the first translational mode of the 3d generic beam model of the bridge studied should be initially performed to define the height x o of the contraflexure point and subsequently calculate threshold limit state values using the proposed closed-form relationships and considering the effect of the component boundary conditions.
Uncertainty in the threshold limit state value definition in displacement terms (
is calculated for each pier type separetely. Uncertainty in material properties, namely the concrete compressive strength (f c ) and steel yield strength (f y ), the ultimate concrete stain (e cu ) and the plastic hinge length (L pl ) is considered and Monte Carlo simulation with Latin Hypercube sampling is carried out for N=100 statistically different, yet nominally identical, realizations. Analyses results are processed and logarithmic standard deviations β c are derived for every different pier type. Finally, uncertainty in the limit state definition (β LS ) is calculated based on statistical analysis of data (threshold values) available in the literature.
Threshold limit state values are defined in displacement terms for bridge bearings and abutments, based on the literature [10] , [11] , considering different failure modes, namely yielding of steel shims, lift-off, rotation and unseating for elastomeric bearings, and backwall damage, as well as abutment soil yielding and deformation for seat-type abutments. Damage states for pot bearings are additionally defined based on experimental data [12] . Uncertainty in limit state definition is calculated for abutments and bearings as well (β LS ). 
Step 2 : Component Demand and Bridge System Fragility
So long as threshold limit state values (capacity) and the associated uncertainty are defined, the demand at the control point of every component should be estimated in order to derive fragility curves for each limit state. The proposed methodology is based on elastic response spectrum analysis, and the equal displacement approximation (d elastic =d inelastic ) for the seismic demand estimation, a reasonable assumption for T>0.5~0.6sec, which is the case for most bridges. A simplified elastic model, as depicted in figure 2 (linear springs for bearings and abutments) has to be set up, to which member properties are fed. The pier cracked stiffness (EI eff =M y /φ y ) is calculated for all piers based on empirical relationships proposed for yield moment and curvature (e.g. φ y =f [(f c /f y ,v,ρ l ,ρ w )/D] for cylindrical sections/bilinear M-φ section diagram). It should be noted that in the longitudinal direction of the bridge, analysis of a single-degree-of-freedom system is generally sufficient; however this is not the case for the transverse direction, since the displacement profile is strongly dependent on the deck geometry and the boundary conditions at the abutments. Response spectrum analysis (for a site-specific spectrum or mean spectrum of selected accelerograms scaled from 0.1g to 1.0g) is performed and the displacement demand at the component control point versus earthquake parameter is plotted, representing the evolution of damage parameter (displacement) with increasing earthquake intensity (PGA=0.1g~1.0g in this case). From this diagram, median threshold values of the earthquake intensity parameter can be obtained for every damage state (figure 5). Apart from mean values, the standard deviation corresponding to the total demand and capacity uncertainty value, under the assumption of statistical independence, should be defined. Since uncertainty in capacity is calculated in step 1, uncertainty in demand is defined at this step, based on the results of detailed structural models and nonlinear analysis of representative bridge types (according to the classification scheme described above). Uncertainty in material properties, gap size, bearing stiffness and soil properties are considered during analysis of representative bridges; as noted previously, reduced Monte Carlo simulation for N=100 samples is used and Incremental Dynamic Analysis for selected accelerograms scaled to different levels of earthquake intensity is performed in order to calculate β d for the relevant bridge class.
Bridge-specific fragility curves are calculated on the basis of the above (mean and standard deviation values), assuming series connection between components, except for LS4 corresponding to bridge collapse and related to collapse of bridge piers only. As already outlined, fragility analysis is based on the response spectrum results of two simplified models (open and closed gap), retaining results of the first model until gap closure.
Application of the methodology presented herein is presented in the following paragraphs, providing the empirical closed-form relationships for the quantitative definition of threshold limit state values (capacity) of all different bridge pier types, the relevant β c and β LS values, as well as the β d values for 3 different bridge classes (#221, #232, #221).
BRIDGE COMPONENT CAPACITY AND ASSOCIATED UNCERTAINTIES
Different geometric, reinforcement, material and loading parameters affect the available strength and ductility, and eventually the seismic performance of piers. The fact that a cylindrical pier designed according to the provisions of EC2 and EC8 will eventually have a different threshold limit state value (considered limit states are 1 to 4, see Table 2 ) compared to a similar pier not being designed according to code provisions (reinforcement ratio, confinement) or a pier with different axial load and even more, compared to a hollow rectangular or a wall pier, is recognised. The effect of different pier types, dimensions, material properties and constitutive laws, longitudinal and transverse reinforcement ratio and finally axial load on the threshold limit state values was evaluated and closed form relationships are proposed here for different pier types. In line with the above, different properties for all the aforementioned parameters are selected and moment-curvature analysis of all possible combinations is performed as described in figure 6 . It should be noted that the parameters considered fall, in most cases, within the prescribed code requirements, however lower strength classes for concrete and steel are additionally considered, in order to include cases of older bridge piers. In-house developed software [13] that incorporates stress-strain models for confined, unconfined concrete [14] , [15] and steel is used for moment-curvature analysis. Threshold values for the different limit states are initially defined in curvature terms (local engineering demand parameter) as depicted in table 2. Empirical relationships for the estimation of secant stiffness of the fully cracked section at yield (EI eff =M y /φ y ) are proposed for every different pier type (equation 1, figure 7 -cylindrical piers). 
Since the main goal is to define bridge capacity and threshold limit state values in displacement terms, an inelastic generalised single-degree of freedom model is set up. All different bridge pier section types are analysed, namely cylindrical, hollow cylindrical, rectangular, hollow rectangular and wall type, while different pier height range is considered according to the pier type (i.e. 5~20m for cylindrical pier type and 20~50m for hollow rectangular). It should be noted that both weak and strong axis orientation were examined for rectangular shaped piers. Lumped plasticity model is used (bilinear moment-curvature curve), while the plastic hinge length is taken equal to L pl =0.09L s +0.2h for rectangular, hollow rectangular and wall type piers and L pl =0.09L s +2D/3 for circular and hollow circular according to [16] . Nonlinear static (pushover) analyses of the single-degree of freedom models are performed individually for each pier type case (and both strong and weak axis orientation) and the displacement of cantilever top (component control point) at the time step that the deformation of the plastic hinge exceeds threshold limit state values (φ 1 ,φ 2 ,φ 3 ,φ 4 in table 2) is recorded. Shear failure mode is considered, since the shear demand at each step is compared with the ultimate shear capacity and the displacement value associated with LS4 is recorded and compared with the one derived considering flexural failure. It should be recalled at this point that the reduction in the V c contribution with increasing curvature ductility is considered.
Practically all possible combinations of properties and pier heights are considered (e.g. ~51800 analyses for the case of hollow rectangular piers) and threshold limit state values in displacement terms (δ 1 ,δ 2 ,δ 3 ,δ 4 ) are obtained. Analysis results are processed using the advanced least squares method (robust fit) and empirical relationships for threshold δ i values are provided for every different pier type (equations 2 for the case of cylindrical piers).
Depending on the boundary conditions, i.e. the type of pier to deck connection and the type of foundation, the moment pier diagram may vary, as shown in figure 8 . Therefore the equivalent cantilever height x o , corresponding to the height of the contraflexure point should be estimated in order to use the proposed empirical relationships, derived from cantilever analysis. 
The empirical relationships proposed are applied and results regarding all different pier types examined are presented in figures 9 and 10 in terms of dimensionless parameters (displacement ductility and drift) for them to be comparable. Curvature at yield and available curvature ductility (related to displacement ductility via the plastic hinge length) of hollow rectangular and wall pier type sections is less compared to circular, hollow circular and rectangular section. However, the fact that different constitutive models for confined concrete are used for the case of circular [14] and rectangular sections [15] should be highlighted, since the results are dependent on the ultimate strain value ε cu . As depicted, the threshold capacity values for the four limit states considered (minor, major, extensive and collapse), vary depending on the pier type, therefore a uniform value may either overestimate or underestimate the component's capacity. Detailed results regarding pier component capacity can be found in the technical report of RETIS-Risk (Aristeia II) research programme (expected to be available in July 2015). Uncertainty in capacity is considered, assuming the distribution of random variables with mean and standard deviation values as shown in Table 3 , according to [11] , [17] Limit state definitions for the abutments are given in Table 4 [11] . Inelastic static (pushover) analysis is performed for the abutment subsystem in order to define the threshold value in terms of displacement of the control point for the first limit state (the other three states are directly expressed in terms of fractions of the backwall height). The engineering demand parameter used to define threshold limit state values for elastomeric bearings is the shear strain (γ=d/t, rubber ); threshold values based on information from the literature are given in Table 3 . Pot bearings, frequently used in modern motorway bridges, have different failure modes and therefore threshold limit state values. Minor damage is related to the displacement that the lateral load exceeds 10% of the vertical load [12] , while moderate, major and collapse limit states are defined according to [12] .
Limit
BRIDGE COMPONENT SEISMIC DEMAND AND ASSOCIATED UNCERTAINTIES
As already mentioned, the median threshold value of the earthquake parameter (PGA,S a ,S d ) for every damage state is calculated using response spectrum analysis results for scaled accelerograms, based on the equal displacement approximation (d elastic =d inelastic ). The main objective of the proposed methodology is the derivation of fragility curves for the longitudinal and transverse direction of the bridge, representing the conditional probability of reaching or exceeding a limit state as a function of the selected ground motion intensity parameter. Fitting of fragility analysis results to a lognormal distribution to express results in a probabilistic manner, requires the mean and standard deviation value for each component. A Probabilistic Seismic Demand Model (PSDM) is used to estimate the dispersion value, representing the uncertainty in demand. It is recalled that there are two approaches regarding the implementation of the PSDM, namely the "cloud" (Probabilistic Seismic Demand Analysis) and the "scaling" (Incremental Dynamic Analysis) approach, with the latter having the advantage of not requiring an a priori assumption for the probabilistic distribution of seismic demands for fitting fragility curves [7] . The approach implemented herein is IDA for different levels of seismic action ranging from 0.1~1g. The limit state probability of exceedance at a specific IM level equals the occurrence ratio of the specific limit state, defined as the ratio of the number of damage cases n i , for the damage state i over the number of simulations N, i.e.
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Standard deviation, is calculated for every bridge component (piers, bearings, abutments) based on the results of nonlinear response-history analysis of all the realizations considered and different levels of A g . Their values are obtained from equation 5, where M is the number of realizations and a i is associated with the onset of collapse for the i th realization [18] .
Two representative bridges of the most common categories in Greek motorways (#221-Polymylos-Leukopetra bridge and #232-Kalogirou bridge according to the classification scheme presented in §2) are studied. Another common category (overpass #121) has been studied and results can be found elsewhere [19] , however they are briefly presented herein as well. Both case study bridges are part of the Egnatia Motorway. The structures are modelled and analysed using the OpenSees platform. For the formulation of the 3d model, elastic beamcolumn elements are used for the deck and beam-column with hinges (lumped plasticity) elements for the piers, as depicted in figures 12 and 13. Cross section analysis was performed for the piers to obtain moment-curvature diagrams for the potential plastic hinges (pier top and bottom for the case of monolithic pier-to-deck connection and pier bottom only for the case of connection through bearings), while the plastic hinge length L p was calculated according to [16] . The abutment-backfill interaction (passive earth pressures) after gap closure was considered according to [11] . Uncertainty in demand is considered, assuming the distribution of random variables with mean and standard deviation values as shown in Table 6 [17], [20] , [21] . Again Latin Hypercube sampling is used for 100 realizations of each different bridge. Accelerograms (7) for re-sponse history analysis were selected using ISSARS (M=6.6~6.8 and R=20~40) and scaled according to EC8-Part 2 provisions [22] . A Matlab-code was generated in order to perform analysis for all realizations and various levels of earthquake intensity (i.e. 0.1~1g) resulting in a total of 710100=7000 analyses for every bridge and every direction, and standard deviation value was calculated for all components considered. Both cases studies involve long bridges, constructed in the early 2000s, having tall hollow rectangular piers monolithically connected to the deck in the case of Polymylos-Leukopetra bridge and connected through bearings in the case of Kalogirou bridge. Bridge piers are designed according to current provisions. Dispersion values for piers and bearings of the bridges studied are presented in tables 7 and 8. Uncertainties regarding the abutment response have not been taken into account at this stage of development (only uncertainty in gap size is included); therefore the relevant dispersion value is not presented herein. 
BRIDGE SYSTEM FRAGILITY
Bridge component capacity and demand as well as related uncertainties are calculated utilising the proposed methodology. The total uncertainty value is calculated for every component according to equation 6, under the assumption of statistical independence.
Series connection between components is assumed for the calculation of bridge fragility, according to equation 7 (i: bridge components considered; namely bridge piers, bearings, abutments).
Since collapse of the bridge system is not expected to occur if bearings or abutments reach LS4 as described previously at a component level, limit state 4 at bridge (as a system) level is related to pier collapse only. Therefore series connection assumption is not invoked for the estimation of system fragility for the collapse limit state.
Fragility analysis is based on the results of response spectrum analysis of the simplified 3d bridge model described above. Two alternative connections of bearing and abutment linear springs depicted in figure 14 are considered for seat type abutments for the case of open and closed gap, respectively. Bridge-specific fragility curves are derived using the first model analysis results up to gap closure. 
SOFTWARE DEVELOPMENT
A Matlab-based software was developed for the implementation of the previously described methodology and the derivation of bridge-specific fragility curves, briefly described in figure 15 . The software is based on a generic simplified 3d bridge model created using the OpenSees platform [23] . Input data provided by the user are depicted in figure 15 and concern general bridge geometry and loading properties, component (pier, bearing, abutment) properties, and the (site-specific) response spectrum. Threshold limit state values for piers are automatically calculated according to the geometric, material, reinforcement, loading properties and boundary conditions of each case, while dispersion values, calculated in line with the previously described procedure, are included. Different boundary conditions at abutments are considered for the case of open and closed gap, and fragility curves are automatically calculated for longitudinal and transverse directions separately. The software developed is applied to 76 bridges of a Egnatia Motorway (Western Macedonia section), for the seismic assessment of the road network in the frame of RETIS-Risk (Aristeia II) research programme and will be included in a GIS-based freeware for the management of seismic risk of roadway networks. 
EXAMPLES OF BRIDGE-SPECIFIC FRAGILITY CURVES
Fragility curves of the two case study bridges described above are presented in Figures 16  and 17 . Since bridges are designed according to code provisions, the probability that demand exceeds bridge capacity is low even for higher levels of earthquake intensity. For both bridges, the lower limit states are controlled by bearing damage, since the yielding of piers occurs for higher levels of earthquake intensity. Regarding the collapse limit state for the system, it is controlled by pier collapse limit state only, as discussed in section 6. It has to be noted that, as evident from Figures 16 and 17 , the uncertainty (β tot ) associated with each individual fragility curve is generally different (see also Tables 7, 8) , hence the different shape of the curves and the possibility of intersecting curves (e.g. for Polymylos Bridge when PGA exceeds about 1.0g). This is still a controversial issue worldwide, since while it is widely recognised that the uncertainty is different for each type, intersection of fragility curves is conceptually incorrect.
CONCLUSIONS
The conclusions reached at this stage of this ongoing study can be summarised as follows:  All critical components should be considered for the derivation of bridge fragility curves.
In addition to those addressed herein (piers, abutments, bearings), one could also consider foundation elements that might be critical in some bridge types.
 Threshold limit state values of components should be expressed in global terms (typically displacements) and correlated to relative local damage.
 Different geometry, material, reinforcement, loading properties as well as boundary conditions, affect component capacity and threshold limit state values and should be taken under consideration during fragility analysis.
 Uncertainty in capacity, demand, and limit state definition should be estimated for every component and limit state separately.
 Bridge-specific fragility curves should be based on the results of a simplified 3d model in order to account for the correlation between different components and the dependence of the displacement profile on deck geometric properties and boundary conditions.
 Feasible methodologies for the derivation of bridge-specific fragility curves are those that can be readily applied to a bridge inventory with a view to estimating earthquake losses of a roadway network.
